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We	 report	 on	 a	 laser	 source	 operating	 at	 100	 kHz	
repetition	 rate	 and	 delivering	 8	 µJ	 few	 cycles	 midIR	
pulses	 at	 3	 µm.	 The	 system	 is	 based	 on	 Optical	
Parametric	 Amplification	 (OPA)	 pumped	 by	 high	
repetition	 rate	 Yb-doped	 femtosecond	 fiber	 chirped	
amplifier	(FCPA).	This	high-intensity	ultrafast	system	is	a	
promising	 tool	 for	 strong-field	 experiments	 (up	 to	 50	
GV/m	and	186	T)	in	low	ionization	potential	atomic	and	
molecular	 systems,	 or	 solid	 state	 physics	 with	
coincidence	measurements.	As	a	proof	of	principle,	up	to	
the	 6th	 harmonic	 have	 been	 generated	 in	 1	 mm	 zinc	
selenide	 (ZnSe)	 sample.	 ©	 2017	 Optical	 Society	 of	
America	
OCIS	codes:	(190.4970)	Parametric	oscillators	and	amplifiers;	(320.7110)	
Ultrafast	nonlinear	optics;	(140.3070)	Infrared	and	far-infrared	lasers.		
http://dx.doi.org/XX.XXXX/XX.XX.XXXXXX	
Few-cycle	 ultrashort	 pulse	 light	 sources	 in	 the	 near-	 to	middle-infrared	 (midIR)	 at	 longer	 wavelength	 (2-12	 µm)	 are	 in	 high	demand	for	strong	field	physics	in	atoms,	molecules	or	condensed	matter.	 Indeed,	various	applications	such	as	bright	and	coherent	soft	 X-ray	 generation	 	[1],	 conventional	 or	 multidimensional	spectroscopy	 	[2],	 ultrafast	magnetism	[3]	 requires	 such	 devices.	The	λ2.I	scaling	law	inherent	to	the	high	order	harmonic	generation	(HHG)	 process	 favors	 longer	 driving	 wavelengths	 in	 order	 to	produce	 more	 energetic	 XUV	 photons,	 and	 potentially	 shorter	attosecond,	 soft	 X-ray	 pulses	[1].	 Unfortunately,	 photon	 energy	extension	is	at	the	cost	of	an	efficiency	drop	scaling	as	λ-5.5	[4].	Here,	the	availability	of	a	high-repetition	rate	laser	system	is	paramount	to	mitigate	the	efficiency	issue	and	still	produce	high	photon	fluxes.	Even	though	there	are	only	a	few	laser	gain	medium	suitable	for	intense	femtosecond	pulse	generation	in	the	midIR	spectral	region	the	overall	scalability	of	pulse	repetition	rate,	duration	and	power	is	still	a	challenge		[5,6].	To	cite	a	few,	4-cycle	pulses	were	achieved	
in	graphene	mode	locked	Cr:ZnSe	at	2.4	µm	with	an	output	power	of	 250	 mW	 	 and	 pulse	 energy	 of	 2.3	 nJ	[7].	 In	 an	 amplified	architecture	 300	 µJ	 pulses	 were	 generated	 in	 Cr:ZnSe	 at	 the	repetition	rate	of	1	kHz	with	a	pulse	duration	of	300	fs		[8].		The	fiber	technology	is	also	able	to	produce	midIR	radiation	where,	for	instance,	 	 207	 fs	 pulses	 at	 2.8	 µm	were	 generated	 in	 Er	 doped	fluoride	glass	fiber	laser	providing	peak	powers	up	to		3.5	kW		[9].	An	alternative	approach	 to	 simultaneously	generate	high-energy	short	pulses	in	the	midIR	region	is	based	on	nonlinear	frequency	conversion	 by	 means	 of	 three-wave	 mixing	 in	 a	 second	 order	susceptibility	 crystal.	 In	 the	 present	 context,	 the	 processes	 of	difference	 frequency	 generation	 (DFG)	 and	 optical	 parametric	amplification	(OPA)	are	commonly	implemented.		Several	high-power	chirped	pulse	optical	parametric	amplification	(OPCPA)	systems	in	the	wavelength	region	of	interest	have	been	reported.	A	four-stage	160	kHz	OPCPA	delivers	20	µJ,	55	fs	pulses	at	3.05	µm		[10],	a	three-stage	50	kHz	system	with		44.2	fs,	21.8	µJ	at	3.4	µm		[11],	another	three-stage	OPCPA	delivering	10	µJ,	72	fs	at	 3070	 nm	 with	 the	 repetition	 rate	 of	 125	 kHz	 	[12].	 These	systems	are	based	on	periodically	poled	 lithium	niobate	 (PPLN)	crystals.	 However,	 lithium	 niobate	 (LN)	 and	 PPLN	 crystals	 are	known	to	introduce	beam	distortions	when	applied	to	high	power	conditions,	to	exhibit	parasitic	phase	matching	and	to	have	a	lower	damage	 threshold.	 On	 the	 other	 hand,	 KTA	 crystals	 could	 be	successfully	used	as	an	alternative		[13,14].		In	this	letter	we	present	a	combined	system	where	a	chirped	PPLN	(cPPLN)	 crystal	 is	 used	 for	 efficient	 3	 µm	 generation	 and	 KTA	stages	for	amplification.	A	similar	approach	is	also	demonstrated	in		[15],	but	there,	the	main	focus	is	on	the	signal	beam	at	1.55	µm	in	a	non-collinear	 configuration	 leading	 to	an	angularly	disperse	idler	wave	at	3	µm.	As	in	[12],	our	system	is	based	on	a	fiber	CPA	system	 delivering	 fs	 pulses	 as	 compared	 to	 the	 other	 systems	where	the	pulse	duration	is		ranging	from	10	ps		[10,11]	down	to	1	ps	[14].	Femtosecond	fiber	lasers	have	shown	their	capabilities	for	strong	field	experiments	by	demonstrating	coherent	XUV	emission	at	 unprecedented	 adjustable	 repetition	 rate	 reaching	 up	 to	 the	MHz	level		[16].	Since	then,	femtosecond	fiber	laser	performances	
		
have	continuously	increased	to	reach	for	instance	peak	powers	of	46	GW	with	an	energy	of	12	mJ		[17]and	durations	reduced	down	to	2	cycles		[18].	Here,	we	intend	to	take	advantage	of	the	unique	properties	of	FCPA	systems	 to	extent	 their	 capabilities	 to	 longer	wavelengths	by	pumping	few	cycle	optical	parametric	amplifiers	and	generate	intense	fields	in	the	midIR.		With	 the	 emerging	 sub-ps	 pumped	 few	 cycle	 OPCPA	 systems	working	 further	 in	 the	 midIR	 and	 the	 lack	 of	 broadband	 seed	sources	in	this	spectral	region,	the	importance	of	coherent	seeding	radiation	such	as	white	light	continuum	(WLC)	generation	is	also	arising.	However,	there	are	just	a	few	reports	of	WLC	generation	in	bulk	materials,	when	pumped	by	mid-IR	sources.	Most	common	materials	 tested	are	bulk	YAG,	Sapphire,	CaF2	and	BaF2	 	[19–21].	In	 	[22],	 spectral	 broadening	 in	 zinc	 selenide	 (ZnSe)	 is	demonstrated	when	the	pump	source	 is	tuned	0.8	–	2.4	µm	and	in	 	[23]	white	 light	 continuum	 is	generated	when	pumping	with	few	optical	cycle	pulses	at	1.85	µm.	There	authors	also	compare	the	peak	power	required	for	WLC	generation	in	different	materials	and	the	threshold	for	ZnSe	is	shown	to	be	the	lowest.	Seeing	zinc	selenide	 as	 a	 promising	 material,	 we	 have	 examined	 the	applicability	of	it	in	order	to	generate	WLC	at	longer	wavelengths	(3	µm),	where	also	high	harmonics	were	generated	and	the	source	was	 proved	 to	 be	 suitable	 for	 solid	 state	 physics	 in	 strong	 field	regime	experiments.	The	scheme	of	our	three-stage	optical	parametric	amplifier	(OPA)	is	depicted	in	Fig.	1.a.	The	system	is	pumped	by	high	repetition	rate	home	 built	 fiber	 chirped	 pulse	 amplifier	 (FCPA),	which	 delivers	350	fs	pulses	with	a	pulse	energy	of	290	µJ	and	a	repetition	rate	of	100	kHz.	
	Fig.	1.	a)	Scheme	of	a	three-stage	OPA,	delivering	85	fs	pulses	at	3	µm.	The	 insets	 show	 the	 spatial	 profiles	measured	 before	 and	 after	 the	third	 stage.	 The	 output	 of	 the	 system	 is	 collimated	 and	 suitable	 for	intense	 field	 physics	 experiments	 such	 as	 harmonic	 generation	 in	polycrystalline	 ZnSe	 (transmitted	 beam	 picture	 shown	 in	 inset)	 b) 
Typical spectra	(normalized)	of	the	WLC	and	amplification	in	the	first	two	stages.	A	white	light	continuum	(WLC)	is	generated	by	filamentation	in	a	15	 mm	 yttrium	 aluminum	 garnet	 (YAG)	 rod	 and	 the	 reddest	
fraction	 of	 the	 broadened	 spectrum	 seeds	 the	 OPAs.	 A	 careful	inspection	of	 the	 focusing	conditions	 shows	an	optimum	 for	 the	focal	length	f’	forming	the	filament	(f’=250	mm	for	0.22	µJ	at	1030	nm).	 Indeed,	 longer	wavelengths	can	be	obtained	when	a	rather	loose	focusing	(longer	Rayleigh	range)	 is	chosen.	There,	a	 longer	filament	is	formed	and	the	broadening	process	develops	smoothly.	This	configuration	allows	generation	of	spectra	extending	higher	into	the	infrared	(2.2	µm	in	our	case)	compared	to	tight	focusing.	The	ability	to	directly	amplify	WLC	in	the	infrared	side	yields	the	possibility	to	circumvent	loss	of	efficiency	due	to	visible	OPA	stage,	which	should	be	pumped	by	the	second	harmonic	and	may	lead	to	angularly	 dispersed	 idler	 beam.	When	 starting	 from	 the	 visible	WLC	part,	two	main	methods	can	be	applied	in	order	to	reach	the	midIR	region.	First,	using	an	amplified	WLC	as	a	pump	beam	in	a	2nd	 OPA	 stage,	 but	 the	 process	 is	 not	 very	 efficient.	 Secondly,	amplifying	 the	 broadband	 idler	 pulses	 in	 the	 2nd	 OPA	 stage.	However,	 in	 order	 to	 generate	 broad	 idler	 a	 noncollinear	 phase	matching	 is	 performed	 in	 the	 1st	 OPA	 stage	 which	 results	 in	angularly	 chirped	 idler	 generation.	 With	 direct	 IR	 seeding,	 the	pump	 is	 thus	more	 efficiently	 converted,	while	 carrier	 envelope	phase	(CEP)	stability	is	achieved	by	passing	through	fewer	stages	than	when	starting	from	the	visible	part	of	the	continuum.		The	 first	OPA	stage	consists	of	6	mm	potassium	titanyl	arsenate	(KTA)	crystal.	40	µJ	of	pump	is	focused	by	300	mm	lens	and	reach	peak	 intensity	 of	 about	 0.5	 TW/cm2;	 white	 light	 continuum	 is	imaged	into	the	crystal	with	a	50	mm	achromatic	lens.	Beam	sizes	of	 pump	and	 signal	 beams	at	 the	 crystal	 are	80	µm	and	70	µm	respectively.	 A	 200	 nm	 broadband	 spectrum	 at	 1.6-1.7	 µm	 is	amplified	 in	a	noncollinear	 configuration	with	 the	 internal	 angle	between	pump	and	signal	beams	of	2.5°.	The	signal	is	amplified	up	to	60	nJ.	In	 the	 second	 OPA	 stage	 a	 7.4	 mm	 long	 cPPLN	 crystal	 (HC	Photonics	Corp.)	with	the	poling	period	linearly	chirped	from	28.4	to	31	µm	is	used	and	signal	from	the	first	stage	is	amplified.	Here,	CPPLN	crystal	was	chosen	due	to	a	broader	and	flat	spectral	gain	profile	 and	 limited	 back	 conversion	 comparing	 with	 PPLN	crystals	 	[24]	 and	 a	 deff	 more	 than	 10	 times	 higher	 than	 a	 KTA	crystal.	 The	 collinear	 configuration	 allows	 generation	 of	 angular	chirp	 free	 idler	pulses,	which	are	 later	amplified	 in	 the	 last	OPA	stage.	40	µJ	of	pump	is	used	and	the	WLC	is	further	amplified	up	to	2	µJ	and	0.75	µJ	of	idler	at	3	µm	are	generated.	The	efficiency	in	this	stage	is	4%	and	gain	is	33.	Typical	spectra	of	the	first	two	stages	are	depicted	in	Fig.	1	(b).	In	 the	 last	OPA	stage,	 the	 idler	pulses	generated	 in	 the	previous	stage	 are	 collinearly	 amplified	 in	 a	 10	 mm	 length	 KTA	 crystal.	While	the	(PP)LN	used	in	the	second	stage	provided	an	ultrabroad	bandwidth	and	important	gain,	KTA	has	been	chosen	here	for	the	last	power	stage	in	spite	of	its	smaller	deff.	Indeed,	due	its	thermal,	mechanical	and	optical	properties,	a	KTA	based	architecture	can	achieve	better	performances	when	scaling	the	average	and	peak	power	up,	and	thus	circumvent	the	limitations	due	to	heating	(4	times	 less	 absorption),	 damage	 threshold	 (1.5	 times	 higher)	encountered	with	LN	 that	exhibit	damage	under	 the	same	high-average,	 high-peak	 power	 regime.	Moreover	 KTA	 has	 a	 smaller	group	velocity	mismatch	(GVM)	between	pump,	signal	and	idler,	along	with	a	reduced	group	delay	dispersion	(GDD)	as	compared	with	LN	(about	half	in	both	cases).	These	last	characteristics	make	KTA	more	suitable	for	ultrashort	compressed	pulse	amplification.	The	incoming	seed	signal	for	this	stage	is	collimated	and	focused	by	a	–500	mm	ROC	and	a	–1000	mm	ROC	silver	mirrors,	while	the	
		
pump	beam	is	focused	by	+750	mm	lens.	The	pump	focus	is	shifted	after	the	crystal	in	order	to	control	the	overlap	between	the	pump	and	the	seed	spot	sizes	which	are	measured	to	be	around	420	µm	(FWHM)	 and	 640	 µm	 (FWHM)	 respectively	 (see	 Fig1	 a).	 Peak	intensity	of	pump	pulses	 is	0.1	TW/cm2.	The	mismatch	between	the	spot	sizes	is	set	on	purpose	in	order	to	extract	the	maximum	energy	 from	 the	 pump	 beam,	 to	 suppress	 any	 potential	superfluorescence	due	to	weak	seeding	at	 the	sides	of	 the	beam	and	 to	 increase	 the	spatial	beam	quality	by	selecting	 the	central	part	 of	 the	 seed	 for	 amplification.	 The	 amplified	 signal	 is	afterwards	 collimated	 by	 a	 –	 500mm	ROC	 silver	mirror	with	 a	beam	diameter	of	1.3	mm	(FWHM).	
	Fig.	 2.	 Temporal	 (top)	 and	 spectral	 (bottom)	 characterization	of	 the	midIR	 pulses.	 Pulses	 of	 85	 fs	 are	 retrieved	 for	 a	 transform	 limited	duration	of	64	fs.		In	order	to	separate	the	seed	of	the	third	stage	from	the	residual	pump	 and	 signal	 beams	 after	 the	 OPA	 2,	 a	 3	 mm	 uncoated	germanium	filter	is	inserted.	The	transmission	of	the	filter	for	the	idler	 wave	 is	 45%,	 so	 only	 330	 nJ	 of	 seed	 is	 injected	 in	 the	amplifier.	The	remaining	laser	energy	(130	µJ)	is	used	to	pump	the	last	stage	and	the	signal	 is	amplified	up	to	8.2	µJ.	The	maximum	level	of	superfluorescence	 is	estimated	by	blocking	the	seed	and	measuring	the	pulse	energy,	which	is	about	200	nJ	(2.5	%)	and	is	likely	 to	 decrease	 when	 amplification	 process	 takes	 place.	 The	efficiency	of	the	amplification	in	this	stage	is	6.3%	and	gain	is	25.	The	overall	efficiency	of	the	system,	energy	conversion	from	total	pump	into	the	idler	beam	is	2.8%,	which	is	similar	to	the	other	high	repetition	rate	set-ups	2%		[10]	and	4.5%		[11].	When	the	energy	of	the	pump	pulses	for	the	last	stage	was	set	to	200	µJ,	15	uJ	(7.5	%	stage	efficiency)	pulses	at	3	µm	were	achieved	with	slight	changes	in	the	spectral	and	temporal	characteristics	as	described	below.	
The	temporal	pulse	profile	has	been	measured	with	a	home	built	second	harmonic	 (SH)	 frequency-resolved	optical	 gating	 (FROG)	device.	The	SH	signal	is	generated	in	a	400	µm	thick	AgGaS2	(AGS)	crystal	and	the	spectrograms	are	recorded	with	a	NIRQuest	256	(Ocean	Optics)	spectrometer.		
Table	1.	Summary	of	dispersion	properties	of	materials	used	
for	the	post	compression	of	OPA3	output	pulses.	Material	 ϕ2,	fs2			[25]	 ϕ2/ϕ3	(ϕ3,	fs3)	 	τpulse,	fs	4	mm	YAG	 -1108	 -0.15	 (7452)	 82	1	mm	CaF2	 -92	 -0.18	 (507)	 69	2	mm	ZnSe	 340	 0.4	 (846)	 70	5	mm	ZnSe	 850	 70	3	mm	Ge	 4782	 0.5	 (9780)	 413	None	 -	 -	 62		Different	 materials	 were	 added	 in	 the	 3	 µm	 beam	 in	 order	 to	compress	 the	 pulses	 to	 the	 shortest	 value	 after	 the	 last	amplification	 stage.	 The	 results	 obtained	 from	 FROG	measurements	are	summarized	in	Table	1.	This	experiment	was	done	 under	 lower	 power	 and	 tighter	 focusing	 conditions;	 the	shortest	 pulse	 duration	was	 62	 fs.	 After	 the	 optimization	 of	 the	amplification	stage	for	the	best	compromise	between	power	and	duration,	 pulses	 of	 85	 fs	 (64	 fs	 transform	 limited)	 have	 been	characterized	(see	Fig.2).	The	germanium	filter	inserted	between	the	OPA	2	and	OPA	3	provides	sufficient	group	velocity	dispersion	(GVD)	 in	 the	 way	 that	 the	 output	 of	 the	 OPA3	 is	 optimally	compressed,	even	though	the	spectral	phase	shows	the	presence	of	third	order	dispersion,	which	also	introduces	an	asymmetry	of	the	temporal	pulse	profile.	All	the	dispersion	management	is	done	with	 bulk	materials,	 so	 the	 third	 order	 dispersion	 could	 not	 be	completely	 compensated.	 The	 CEP	 stability	 is	 intrinsically	implemented,	since	WLC	and	OPA	stages	are	pumped	by	the	same	single	laser	source.	
	Fig.	3.	Spectral	broadening	and	generation	of	harmonics	 in	1	mm	of	ZnSe,	up	to	6th	harmonics	is	observed.	(i),	(s)	and	(p)	bars	correspond	to	idler	signal	and	pump	wavelengths	range.	With	 those	characteristics	of	energy,	duration	and	beam	quality,	intensities	can	reach	typically	1012	 to	several	1013	W/cm2.	When	
		
the	output	of	the	OPA3	is	focused	by	a	-200	mm	ROC	silver	mirror,	the	spot	size	is	evaluated	to	be	about	200	µm	(FWHM)	leading	to	a	pulse	peak	intensity	of	0.3	TW/cm2.	The	peak	electric	field	!	is	in	this	case	~1	GV/m.	Such	strong	electric	field	is	likely	to	generate	broadband	 continuum,	 light	 filament,	 as	 well	 as	 high-order-harmonic	(HOH)	in	solids.	MidIR	ultrashort	pulses	based	on	bulk	kHz	laser	systems	have	already	been	used	for	HHG	in	solids	such	as	ZnO	 	[26]	and	ZnSe	 	[27,28].	For	the	sake	of	comparison	with	our	 fiber-based	 100	 kHz	 architecture,	 we	 used	 1	 mm	 of	polycrystalline	ZnSe	sample.		Within	our	experimental	conditions	the	peak	power	Pp=96	MW	is	more	 than	 twice	 higher	 than	 the	 critical	 power	 Pc=40	 MW	required	 for	 filamentation.	 When	 focusing	 the	 beam,	 a	polychromatic	dotted	pattern	[29]	was	observed	at		the	output	of	the	ZnSe	sample	that	is	due	to	the	polycrystalline	nature	associated	with	higher	nonlinear	effects.	Besides	filamentation,	we	also	expect	to	observe	HOH.	Indeed,	for	ZnSe	(bandgap	"#=2.7	eV)	interacting	with	 the	 3	 µm	 pulse	 described	 above,	 the	 Keldysh	 parameter	
γ=$ %∗"# '(!		[30]	is	evaluated	to	∼0.4.	We	have	thus	recorded	the	 output	 spectrum	 displayed	 in	 Fig.	 3.	 The	 initial	 spectrum	 is	broadened	and	covered	the	region	from	2	to	4.3	µm	(0.3	–	0.6	eV).	The	spectrum	clearly	shows	a	decaying	periodic	structure	whose	peaks	 are	 identified	 as	 high	harmonics	 of	 the	driving	 field.	As	 a	result	of	the	non-centrosymmetry	of	ZnSe	odd	and	even	order	up	to	6th	harmonic	are	observed	(limited	by	the	bandgap	of	ZnSe).	The	first	three	unabsorbed	harmonics	are	produced	with	about	8,	1.2,	and	0.3	%	respectively,	decreasing	with	a	power	∝-2.2.	HOH	below	the	 ZnSe	 bandgap	 have	 also	 been	 reported	 in	 ref.	 27.	 Due	 to	 a	longer	 pump	wavelength	 (3.9	 µm),	 up	 to	 the	 7th	 harmonic	was	generated	at	the	repetition	rate	of	1	kHz	and	200	fs	pulse	duration	with	 a	 slightly	 steeper	 slope.	 The	 fact,	 that	 we	 achieve	 similar	results	 tends	 to	 prove	 that	 the	 sample	 doesn’t	 undergo	 any	thermal	effects	due	to	high	repetition	rate	laser.	Moreover	the	100	kHz	 repetition	 rate	 and	 beam	quality	 of	 our	 source	 results	 in	 a	bright	harmonic	emission	as	compared	with	bulk	solid-state	kHz	systems	enhancing	significantly	the	signal	over	noise	ratio.		In	summary,	we	demonstrated	a	fiber	laser	pumped,	passively	CEP	stabilized	3	µm	OPA,	which	delivers	8	µJ	pulses	with	the	duration	of	85	fs.	This	system	is	potentially	tunable	in	the	2.4	-	3.6	µm	range.	Finally	this	middle	infrared	ultrafast	source	has	been	designed	for	solid	 state	 physics	 in	 the	 non-perturbative	 regime.	 Further	development	 will	 shorten	 the	 pulse	 to	 few	 cycle	 with	 a	 CEP	stability	control,	and	an	increase	of	the	energy	to	50	µJ.	With	the	present	characteristics,	our	first	demonstration	of	HOH	in	ZnSe	by	a	fiber	laser	pumped	OPA	shows	how	fiber	lasers	based	systems	are	 already	 very	 promising	 tools	 for	 future	work	 such	 as	 band	structure	investigation		[31],	strong	field	Bloch	oscillations,	or	HOH	dynamics	beyond	the	band	gap	of	semi-conductors.		
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